Numerous studies have investigated how stress impacts veridical memory, but how stress influences false memory formation remains poorly understood. In order to target memory consolidation specifically, a psychosocial stress (TSST) or control manipulation was administered following encoding of 15 neutral, semantically related word lists (DRM false memory task) and memory was tested 24 h later. Stress decreased recognition of studied words, while increasing false recognition of semantically related lure words. Moreover, while control subjects remembered true and false words equivalently, stressed subjects remembered more false than true words. These results suggest that stress supports gist memory formation in the DRM task, perhaps by hindering detail-specific processing in the hippocampus.
Although memory was once believed to be an accurate, reproductive representation of life experience, it is now understood to be a reconstructive process that is susceptible to distortion (Bartlett 1932; Schacter 1995) . If even memories formed in the best conditions are prone to errors and illusions, what happens to memories formed under less than ideal circumstances, such as during times of stress? This topic has garnered attention for its impact on the accuracy of eyewitness testimony after witnessing stressful events (Deffenbacher et al. 2004; Schacter and Loftus 2013) , but has even broader naturalistic relevance considering that many life events are accompanied by stress (e.g., death, divorce, change in career, etc.). Given the ubiquitous nature of stress in our lives, and the fact that stress alters memory function, it is critical to understand how stress influences not just the formation of true, accurate memories, but of false memories as well.
Research on stress and memory has grown considerably over the past several decades (Het et al. 2005; Diamond et al. 2007; de Quervain et al. 2009; Roozendaal et al. 2009; Wolf 2009; Schwabe et al. 2011 ), but only a handful of studies have investigated the influence of stress on false memory formation (e.g., Payne et al. 2002; Smeets et al. 2006 Smeets et al. , 2008 Beato et al. 2013; Zoladz et al. 2014) . Most have used the Deese-Roediger-McDermott, or "DRM," false memory paradigm (Deese 1959; Roediger and McDermott 1995) , in which participants study lists of semantically related words (e.g., nurse, hospital, medicine) and later falsely remember unstudied "critical words" (e.g., doctor) that represent the theme, or gist, of the list. In spite of using the same memory task, and often the same stress induction procedure to increase levels of the stress hormone cortisol (the Trier Social Stress Test, TSST, Kirschbaum et al. 1993) , these studies have returned conflicting results.
In the first test of stress and false memory, Payne et al. (2002) found that stress exposure increased false recognition memory. Conversely, Smeets et al. (2006) found that false memory was unaffected by stress, while true recall memory was impaired. More recently, Beato et al. (2013) found no effect of stress on either true or false memory, while Zoladz et al. (2014) found that stress reduced immediate false memory, while increasing true memory in females, but not males. Due to differences in the timing and mode of memory testing, it is difficult to directly compare the results of these studies. For example, while Payne et al. (2002) used four-item recognition tests after each wordlist, Smeets et al. (2006) used free recall tests after each list followed by a final recognition test, Beato et al. (2013) used a single recognition list after all wordlists, and Zoladz et al. (2014) used free recall and recognition tests after each wordlist. Even more problematic, however, is the fact that these studies administered stress prior to encoding and tested memory in a relatively brief experimental session, which allowed stress hormones to remain elevated throughout all phases of memory formation (encoding, early consolidation, and retrieval). Given that stress tends to facilitate encoding and consolidation, especially for emotionally arousing information (although note that stress can disrupt memory for neutral information; Buchanan and Lovallo 2001; Payne et al. 2006 Payne et al. , 2007 , but impair retrieval (de Quervain et al. 2009 ), this design makes it difficult to determine where in the memory formation process stress had its greatest impact.
In order to dissociate the effects of stress on different phases of memory, Smeets et al. (2008) manipulated stress before encoding, after encoding, or before retrieval using five emotionally negative and five neutral DRM lists. Memory was tested 24 h after encoding, ensuring that subjects in the encoding and consolidation groups were no longer influenced by elevated cortisol. Stress applied prior to encoding yielded no group differences, while stress induced at retrieval decreased true recall of emotional words only. Most relevant to the current study, stress applied after encoding (targeting consolidation) had no effect on false recall of neutral or emotional words, but increased recall of true emotional words.
While this is the only study to investigate the impact of stress on consolidation, it nonetheless utilized both emotional and neutral DRM lists, cold pressor stress (CPS) as opposed to psychosocial stress, an all-female sample, and a stem-cued recall test uncommon in DRM literature, which makes it difficult to compare to the previously described studies. More important, it may not have been sufficiently powered to demonstrate how stress impacts consolidation of neutral false memories in the DRM task, where more than five neutral word lists are typically used (e.g., Roediger and McDermott 1995) . Related to this power issue, the inclusion of both neutral and emotional stimuli might have resulted in an emotional-over-neutral memory benefit during the consolidation delay, which may help explain the null findings for neutral memory in the Smeets study (Hadley and Mackey 2006; Payne et al. 2008 ).
The present study was thus designed to investigate the effect of psychosocial stress (TSST) on the consolidation of 15 emotionally neutral DRM lists across a 24-h delay, using both free recall and recognition tests to fully probe memory. Based on the idea that contextual processing of detail-based, neutral veridical memories in the hippocampus and associated areas might be disrupted by stress while gist processing of false memories in neocortical regions (e.g., anterior temporal areas) might be spared Payne et al. 2004; Garoff-Eaton et al. 2007; Gallate et al. 2009 ), we hypothesized that stress administered immediately after encoding would impair true memory while leaving false memory unaffected or even enhanced.
Participants arrived at the laboratory between 3 -4 p.m. and signed informed consent. After a 20-min acclimation period, they provided a 5 mL saliva sample in order to establish a baseline level of cortisol. Six saliva samples in total were collected from each participant across the experimental days to determine salivary cortisol response to the TSST or control task as a measure of hypothalamic-pituitary-adrenal (HPA) axis reactivity to stress (see Supplemental Fig. S1 ). After participants completed the first sample, they encoded 15 DRM lists (Stadler et al. 1999 ) and were then randomly assigned to a stress condition using the TSST that involved giving an evaluated speech followed by a math task (n ¼ 33, 18 females) or a closely matched control condition (n ¼ 34; 23 females); see Supplemental Material for additional details about participants and the experimental/control TSST procedures.
Twenty-four hours after the stress (or control) manipulation, participants returned to the laboratory for the testing session, where a free recall test was given, followed immediately by a recognition test. Participants saw a word on a computer screen and had to indicate whether they remembered it from the last session. The recognition test consisted of 92 words divided into three categories: study words (TRUE), unpresented related critical lures (FALSE), and unpresented unrelated words (FOIL). Presented words were chosen from positions 1, 8, and 10 of the lists for a total of 45 presented words (exp. 2; Roediger and McDermott 1995; Fenn et al. 2009 ). Thirty-two foils were taken from eight unused DRM lists (four from each list). Finally, the 15 unpresented critical lures were included. The 92 words were randomly presented.
To assess the impact of the TSST versus control manipulation on cortisol reactivity, a 2 (Group) × 6 (Time: T 0 , T 1 , T 2 , T 3 , T 4 , T 5 ) mixed ANOVA using the Greenhouse-Geisser correction was performed, with Time of salivary cortisol collection as a repeated factor (see Supplemental Fig. S2A ). There were no main effects of Time (F ¼ 1.74, P ¼ 0.16) or Group (F ¼ 0.96, P ¼ 0.33), yet the interaction was significant, F (3,199) ¼ 4.78, P ¼ 0.003). Follow-up t-tests showed that there was no difference at baseline (T 0 ; t ¼ 1.42, P ¼ 0.16), 60 min post-manipulation (T 3 ; t ¼ 0.76, P ¼ 0.45), or on the second day (T 4, T 5 ; t ¼ 0.68, P ¼ 0.49, t ¼ 0.31, P ¼ 0.76, respectively). As expected, the stress group had significantly higher cortisol responses immediately after and 20 min after the manipulation (T 1 , T 2 ; t ¼ 2.35, P ¼ 0.02, t ¼ 2.19, P ¼ 0.03, respectively). See Supplemental Figure S2B for these data broken down to only high cortisol responders; creating this variable allowed us to examine memory performance in both the stress group as a whole, and in only those subjects who mounted a cortisol response to the TSST (see Supplemental Materials).
Because the memory performance patterns emerged most clearly in the recognition data, we address these first. True recognition was calculated as hit rate ("old" responses to study words divided by the total number [45] of study words) minus false alarm rate to foils ("old" responses to unrelated foils divided by the total number [32] of unrelated foils); false recognition was calculated as false alarm rate to critical lures ("old" responses to related lures [e.g., doctor] divided by the total number [15] of related lures) minus false alarm rate to foils (e.g., Diekelmann et al. 2008) . A 2 (Group: stress versus control) × 2 (Word Type: True versus False) mixed ANOVA, with Word Type as repeated factor, revealed no main effect of Group, F (1,65) , 0.01, P ¼ 0.97, but a significant main effect of Word Type (F (1,65) ¼ 6.24, P ¼ 0.02) indicating that true recognition (M ¼ 0.29) was lower than false recognition of the critical lures (M ¼ 0.36; P ¼ 0.02). This finding indicates a robust false recognition effect. Importantly, the Group × Word Type interaction was significant (F (1,65) ¼ 3.89, P ¼ 0.05), reflecting a general pattern where stress decreased recognition for studied words, but increased recognition for critical lures (Fig. 1A) . Fig. 1B, first two bars) . Importantly, stressed participants significantly recognized proportionately more false than true words, t (32) ¼ 4.23, P , 0.001, while control participants recognized true and false words at similar rates, t (33) ¼ 0.31, P ¼ 0.76).
Cortisol-responder subgroup analyses suggest that the stress effects on false memory are dependent on mounting a cortisol response ( Fig. 2A) . For corrected recognition, a 2 (Group: control versus high responders) × 2 (Word Type)-mixed ANOVA again revealed a significant interaction, F (1,48) ¼ 4.15, P ¼ 0.047, which supports our initial finding. Although differences did not emerge between the groups (t (48) ¼ 0.75, P ¼ 0.46 for true, t (48) ¼ 1.37, P ¼ 0.17 for false memory), the significant interaction demonstrates that while controls recognized true and false words similarly (t (33) ¼ 0.31, P ¼ 0.76) high responders recognized more false than true words (t (15) ¼ 4.81, P ¼ 0.001). This suggests that stress, and particularly a stress-related cortisol increase, leads to an increased reliance on gist-based processing (see Nadel et al. 2002; Pedraza et al. 2015) . Figure 2B shows that a strong cortisol response to stress also affects memory bias, as confirmed by a significant Group × Word Type interaction, F (1,48) ¼ 4.51, P ¼ 0.04; the stress group, compared with controls, tended to be more conservative when recognizing true words (t (48) ¼ 1.69, P ¼ 0.09) while also tending to be more liberal when recognizing false words, albeit only numerically (t (48) ¼ 0.51, P ¼ 0.60). High responders were more liberal in response to false words, compared with true words (t ¼ 3.28, P ¼ 0.005), whereas controls were equally biased (t ¼ 1.56, P ¼ 0.13). These results provide additional support for the idea that cortisol exposure may increase reliance on gist-based processing during consolidation (Brainerd and Reyna 1998; Nadel et al. 2002; Payne et al. 2002; Pedraza et al. 2015) .
While no significant differences emerged between the groups in recall memory, it is worth noting that the pattern numerically followed that reported for recognition memory above, with planned comparisons again revealing that true recall of studied words was numerically decreased in the stress group (M ¼ 14.9, SD ¼ 7.8) compared with the control group (M ¼ 17.5, SD ¼ 9.9), t (65) ¼ 1.69, P ¼ 0.25 (see Supplemental Table S2 ). False recall (t ¼ 0.07, P ¼ 0.94) and intrusions (t ¼ 0.18, P ¼ 0.86) were not significantly different between groups.
Importantly, we also found that larger stressor-related increases in cortisol (AUCi in the stress group) were associated with greater susceptibility to false memory; false recognition showed a strong trend (r ¼ 0.33, P ¼ 0.059), while bias to critical lures (r ¼ 0.42, P ¼ 0.02) was positively correlated to AUCi (Fig. 3) .
Previous studies (e.g., Kim and Cabeza 2007; Payne et al. 2009 ) have found a positive correlation between gist-based false memory and true memory in the DRM paradigm, suggesting that semantic/gist processing contributes to the formation of both false and veridical memory, at least in tasks like the DRM that present semantically related stimuli. Similar correlations were found in the current study (Supplemental Fig. S3 ), but, interestingly, only in the stress group (r ¼ 0.72, P , 0.001 for recognition, r ¼ 0.50, P ¼ 0.003 for recall); there was no relationship between false and true memory in the control group (r ¼ 0.21, P , 0.25 for recognition, r ¼ 0.27, P ¼ 0.12 for recall), further suggesting that stress exposure promotes a greater reliance on gistbased processing.
The current study assessed the role of psychosocial stress on neutral memory consolidation in the DRM paradigm. Our results demonstrate that post-encoding stress impaired subsequent memory for true (studied) words. Moreover, while nonstressed control participants remembered (and were equally biased to) true and false memories equivalently, stressed participants remembered more (and had a liberal bias toward) false memories. Both of these results have important implications for real-world memory and eyewitness memory in the courtroom as we discuss below.
To date, only two studies have investigated the impact of stress on true and false memory consolidation- Smeets et al. (2008) and the current study. While Smeets et al. (2008) found that stress enhanced true memory for emotional words, we found that stress impaired true memory for neutral words. The different findings may in part arise from methodological differences. First, we used psychosocial stress (TSST) instead of CPS as it is an ecologically valid stressor that often elicits stronger HPA and sympathetic nervous system responses than CPS (McRae et al. 2006; Goff et al. 2013) , although it should be noted that cortisol levels in the present study were similar to those achieved by Smeets et al. (2008) . Second, we used 15 neutral word lists, increasing power for a more accurate DRM "neutral" memory result. The mixture of emotional and neutral words used in the Smeets et al. (2008) study may have resulted in emotional and neutral material competing for memory resources during consolidation, thus resulting in a null effect of stress on neutral memory (e.g., Hadley and MacKay 2006; Payne et al. 2008 ). Third, we used both free recall and recognition tests (e.g., Roediger and McDermott 1995) instead of the less common stem-cued recall test. Figure 2 . The stress group was divided into two subgroups by a median split of the cortisol change score (AUCi), allowing us to compare controls to HIGH cortisol responders. While control subjects had equivalent memory for true and false words (A, white) and were equally biased to respond to true and false words (B, white), a shift toward false memory is evident in the high cortisol responders (gray). Dashed line indicates the "no bias" point (0.5), whereas ,0.5 indicates a conservative bias and .0.5 indicates a liberal bias. (#) P ¼ 0.09 ( * * ) P , 0.005 ( * * * ) P , 0.001.
Post-encoding stress and DRM performance www.learnmem.org consolidation group), while we tested both females and males, which increases the generalizability of the findings.
Although our findings may at first seem at odds with the literature demonstrating enhanced memory consolidation under stress (de Quervain et al. 2009; Wolf 2009) , it is important to note that stress often confers a benefit to memory for emotional material (as in Smeets et al. 2008) , while sometimes impairing memory for neutral material, as we see here (Jelicic et al. 2004; Payne et al. 2006 Payne et al. , 2007 Smeets et al. 2008; de Quervain et al. 2009 ; but see Andreano and Cahill 2006; Smeets et al. 2007 ). Evidence suggests that brain regions involved in emotional (e.g., amygdala) and neutral memory consolidation (e.g., hippocampus) are differentially impacted by elevated stress and cortisol (Payne et al. 2004 (Payne et al. , 2006 (Payne et al. , 2007 . For example, while high levels of stress and cortisol often disrupt hippocampal function, they potentiate activity in the amygdala (e.g., Vyas et al. 2002; van Stegeren et al. 2007a,b; Pruessner et al. 2008; Ghosh et al. 2013) . Our results are consistent with this idea in that, using only neutral lists, impairment of hippocampal processing by stress may have disrupted veridical memory for studied words (see also Smeets et al. 2006) , while the emotional words used by Smeets et al. (2008) may have benefited from stress, because they rely on amygdala activation.
One explanation of our results involves a gist-based model of memory formation, which argues that all learned specific events (studied words) share more common features with the gist (critical lures) than with each other. This results in an increased reliance on gist processing, which produces false memories for critical words that were never presented (Brainerd et al. 2002; Brainerd and Reyna 2005) . It may be that gist representations are more stable at the time of consolidation after receiving repeated activation with each studied word, resulting in stronger associative connections and increased resistance to stress. Specific-event representations (studied words), on the other hand, having received weaker activation, may be more susceptible to post-encoding stress. Similar to this idea, Payne et al. (2002) suggested that context-based processing of detailed, emotionally neutral memories can be impaired by stress through disruption of hippocampal functioning. Neocortical (anterior temporal) regions might compensate, allowing gist-based processing to "take over" (also see Nadel et al. 2002; Payne et al. 2004 ). Oyarzú n and Packard (2012) also suggest that stress, through sensory hypersensitivity caused by the noradrenergic system (Aston-Jones and Cohen 2005), may generate generalized responses to stimuli, which results in a bias shift toward gist-based processing. The current findings are also consistent with recent rodent studies showing that intense stress exposure leads to a faster generalization (i.e., gist formation) in memory than weak stress exposure (Pedraza et al. 2015) . Interestingly, this gist formation acceleration was dependent on glucocorticoid synthesis and noradrenergic release. In the current study, a similar enhancement of gist processing may have occurred due to stress exposure, resulting in impaired true memory and higher recognition rates and a more liberal bias for false memories than true memories in stressed participants.
The finding that accurate memory suffers under stress has clear relevance for eyewitness testimony in the courtroom (Schacter and Loftus 2013), where the veracity of memories, even those formed during times of stress, is often assumed. Our findings not only make an important contribution to a growing literature on stress and memory in humans, but the fact that our stressed participants remembered more false than true information further underscores the importance of using caution when evaluating the accuracy of memories formed under stress in the real world (see Deffenbacher et al. 2004 ).
More research is needed to determine the full range of stress effects on the different phases of memory formation, especially where false memories are concerned. This is one of few studies of stress and false memory, and one of only two examining the impact of stress on the consolidation phase of true and false memory formation. Additional work will also be necessary to determine whether stress effects on DRM performance generalize to other forms of false memory. Although we already know that memory does not operate like a foolproof video recording that can simply be replayed to accurately remember information, such efforts will be necessary if we are to arrive at a more comprehensive understanding of how stress influences the formation of both true and false memories.
